INTRODUCTION
============

Simple sequence repeats (SSRs), or microsatellites, are known to increase the probability of slipped-strand mutation during DNA replication, mRNA transcription and protein translation ([@gkr1078-B1],[@gkr1078-B2]). In coding regions, these mutational events result in small indels in DNA that change the SSR length and can cause a change in amino acid sequence and/or a frameshift mutation ([@gkr1078-B3]). In promoter regions, SSR length variation can affect promoter activity and regulation ([@gkr1078-B4],[@gkr1078-B5]). Although SSR-associated indels in different genomic regions have different influences on phenotypes, they share a common feature: reversibility. Unlike point mutations, which are practically irreversible at typical mutation rates, the expansion/contraction of SSRs ([@gkr1078-B6],[@gkr1078-B7]) provides one of the simplest and most prevalent reversible stochastic switching mechanisms in microorganisms, commonly known as 'phase variation'. SSRs are also critical in repeat expansion diseases, such as Huntington\'s disease ([@gkr1078-B8]) and in rapidly evolving traits ([@gkr1078-B9],[@gkr1078-B10]).

SSR motifs located in promoter and coding regions have been implicated in phase variation phenomena for many prokaryotic species ([@gkr1078-B11; @gkr1078-B12; @gkr1078-B13]). In coding regions, the small indels generated by SSRs can cause frameshifts that result in truncated or elongated proteins with disrupted protein function. Although frameshift mutations are often regarded as deleterious, under fluctuating selection they can be advantageous ([@gkr1078-B14],[@gkr1078-B15]). Many examples of phase variation involve frameshift mutations affecting membrane proteins such as pili ([@gkr1078-B16]), receptors ([@gkr1078-B17]) and transporters ([@gkr1078-B18]), supporting the idea that these SSRs facilitate adaptation to external environmental fluctuations ([@gkr1078-B19]). Phase variation mechanisms also influence the motility of bacteria, including switching from motile to non-motile behavior ([@gkr1078-B20]) and switching from swarming to non-swarming ([@gkr1078-B21]). Phase variable genes that confer adaptive advantage in fluctuating conditions are known as contingency loci ([@gkr1078-B12]), and several theoretical works have addressed the advantages of stochastic switching in fluctuating environments ([@gkr1078-B22; @gkr1078-B23; @gkr1078-B24; @gkr1078-B25; @gkr1078-B26; @gkr1078-B27]).

Previous studies of SSRs have assessed the frequency statistics of SSRs of different lengths and types in different genomes, by comparison with SSR statistics expected for different null models, ranging from Markovian models based on nucleotide composition and correlations, to synonymous codon shuffling models, which consider codon usage biases for each gene ([@gkr1078-B28; @gkr1078-B29; @gkr1078-B30]). These studies showed that long SSRs (∼10 bp or longer for monomeric and dimeric repeats) are generally selected against in most genomes, presumably due to their high mutability; while exceptional cases of SSR enrichment could be found for certain species and certain SSR lengths. It was also shown that the occurrence of monomeric SSRs is higher in N-terminal regions of protein coding genes ([@gkr1078-B28],[@gkr1078-B31]).

While previous works characterized facets of the distribution of SSRs in genomes, they have not addressed critical components of their evolution: the genome-wide variability of SSR loci and the effects of selection. The higher mutability of SSRs is for the most part demonstrated by laboratory studies that measured variability for a relatively small number of SSR loci in a limited number of bacterial species. The reliance on length distributions as the main genomic measure of SSRs in many previous studies largely precludes drawing conclusions regarding the effect of selection on SSRs. The positional biases of SSRs observed in ([@gkr1078-B31]) have not been investigated with regards to several biologically relevant factors. For example, whether they are due to biophysical constraints on protein coding sequences, or other structural constraints on DNA sequences, has not been addressed, hence the origin and role of these biases remains poorly understood.

In this study, we utilize intraspecies sequence comparison to measure SSR variability in coding regions. We show that SSR-associated indel variation depends on the types, lengths and the N→C relative position of SSRs. We also find that SSRs are suppressed in a majority but not in all species, with multiple species specifically enhancing the frequencies of SSRs. In each genome, we measure the density of SSRs as a function of N→C relative position, which we call the *SSR density curve*. By constructing synonymous codon-shuffled sequences that preserve the amino acid sequence, we isolate the contribution of protein primary sequence to the SSR density, which allows us to investigate additional evolutionary mechanisms that affect the positioning of SSRs within genes. We show that while the biophysical constraints of protein structure can account for certain trends we observe---specifically the symmetrical U-shaped SSR density curves---they do not fully explain the data. In multiple species, strongly asymmetrical curves are observed, often with a pronounced enhancement of repeats near the N-terminal. We argue this asymmetry may be a signature of enhanced phase variation in certain genomes.

MATERIALS AND METHODS
=====================

Homolog clusters and multiple sequence alignment
------------------------------------------------

All prokaryotic coding sequence files were downloaded from the NCBI genome database. We chose species having at least four fully-sequenced strains. Analysis was performed using customized Perl scripts for sequence analysis and *Matlab* scripts for numerical analysis. Within each species, homologs of each gene were found by blasting each coding sequence in each strain against all coding sequences in every other strain. Mutually highest scoring sequences, that had an *E*-value \<10^−5^, were defined as homologs. We then constructed a homolog network in which genes were nodes and homologs were indicated by edges between nodes. We identified the maximal linked clusters, which we called *homolog clusters*. By construction, homolog clusters are equivalence relations and every gene belongs to a unique homolog cluster. Homolog clusters that contain only a single sequence were ignored in the analysis. Genes in homolog clusters were aligned by the multiple sequence alignment algorithm MUSCLE ([@gkr1078-B32]).

Identifying SSRs and SSR loci within homolog clusters
-----------------------------------------------------

We first identified SSRs for each coding sequence in each homolog cluster. Across all sequences contained in a cluster, we identified all instances of sequence motifs composed of consecutive k-mer repeats for *k* = 1, 2, ... 10. Only sequence motifs longer than or equal to a cutoff length were defined to be SSRs. The cutoff length for *k* = 1 (monomeric SSRs) was 6 bp, and for *k* ≥ 2 we used 3\*k (bp) as the cutoff. This initial recognition step identifies only perfect repeat sequences.

Within the cluster\'s multiple sequence alignment, we defined each region to be an *SSR locus* if the region contained at least one SSR. If two SSRs overlap at least 2 bp in the alignment, they were assigned to the same SSR locus. The total region of an SSR locus was defined by the union of all of its overlapping SSRs. Each SSR locus was identified by type according to its assigned SSRs. SSR types that are circular permutations of the same repeat motif were considered the same type. The smallest possible repeat motif was assigned as the repeat unit (e.g. ATATATATATAT was considered a dimeric rather than tetrameric repeat). In principle, our definition allows nested SSR loci. For example, a single sequence (AAAAAATTTT)x3 will be counted as four SSR loci: three polyA SSRs each with length 6, and one 10-mer SSR with length 30. However, after manual inspection we found that these cases are so rare they have no effect on any results reported here.

At each SSR locus, we tested each aligned sequence for presence or absence of the SSR. If the SSR was absent, we checked whether the SSR was a *degenerated SSR*. To determine this, we compared the flanking sequence of the SSR locus (12-bp upstream and downstream, if the sequences exist) as follows: for a given sequence not containing the SSR, if its flanking sequence had \>70% average identity to the aligned sequences that contained the SSR, we defined the sequence as a degenerated SSR. At each SSR locus, only those sequences containing SSRs or degenerated SSRs were included in the pairwise calculation of SSR variability (π~I~). This final recognition of SSRs based on homology with perfect SSRs allows imperfect SSRs to be detected and used for our statistical measures.

Calculating variability indices π~C~, π~A~ and π~I~
---------------------------------------------------

To calculate π~C~ and π~A~, we first translated the coding sequence into amino acid sequence for each homologous CDS, and used the multiple sequence alignment algorithm MUSCLE ([@gkr1078-B32]) to align amino acid sequences. At each aligned codon position j, we used the following formulas to calculate, which measures variability in both synonymous and non-synonymous substitutions, and , which measures solely non-synonymous substitutions: By averaging values of and over all aligned codon positions, we obtained π~C~ and π~A~, respectively.

To calculate π~I~ at each SSR locus *k*, we identified all homologous sequences that contained an SSR or a degenerated SSR, as described above. For each sequence at locus *k*, we found the total length of all indels within the SSR locus, and obtain by averaging the indel diversity over all pairs of sequences: Finally, we averaged over all SSR loci to obtain π~I~.

Synonymous codon shuffling of coding sequences
----------------------------------------------

We performed synonymous codon shufflings for each species, and re-calculated the SSR statistics based on the shuffled sequences. Two synonymous shuffling methods were used: (i) global shuffling---for each genome, we used the global codon bias to reconstruct the total coding sequence preserving amino acid identities but drawing synonymous codons randomly from the genome\'s codon-biased statistics; (ii) local shuffling---for each gene\'s coding sequence, we use the gene\'s codon bias to reconstruct a synonymous coding sequence.

The original and shuffled SSR density of a given species were define by following formula: where is number of SSRs found in gene *k* of strain *j*; and is the length of the ORF of gene *k* in strain *j*. Similarly, for SSR densities conditioned on either type or N→C position, we used the same formula, with indicating the number of SSRs of the given type or position. Both shuffling schemes were performed five times for all coding sequences in all genomes. The results were averaged, and error bars shown in figures were calculated using the standard error over realizations. We provide a flow chart to explain the shuffling method in [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1).

RESULTS
=======

Identifying SSRs and associated indels
--------------------------------------

To infer variability of SSRs in prokaryotic protein coding sequences (CDS), we analyzed 42 species having four or more fully sequenced and annotated strains. SSRs were defined for monomeric, dimeric, trimeric, all the way to k-meric (with *k* = 10) sequence repeats with given minimal length cutoffs (see 'Materials and Methods' section). For each species, homologous coding sequences among different strains were identified and multiple sequence alignment was used to align homologs. SSRs that aligned across sequences were defined as *homologous SSRs*, and the locations of SSRs were identified as *SSR loci* (see 'Materials and Methods' section). For each SSR locus, we could observe variation in SSR length due to point mutations or indels. We computationally recorded indels associated with each SSR locus. For each species, we found thousands of SSR loci located in coding sequences; the percent of SSRs with an associated indel, which depended on the divergence between strains, varied across species from 0.1 to 7%, with an average of 1.6% ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1)).

Variability of SSR-associated indels and intraspecies divergence
----------------------------------------------------------------

To measure the variability of SSR-associated indels, we used standard population genetics quantities, slightly modified to work with SSRs and indels in multiple sequence comparisons. The variability at a locus, ranging from 0 to 1, was defined as the probability that two individuals differ at the locus. At each aligned amino acid position, we measured variability separately at the level of codons and at the level of amino acids. Averaging over all aligned positions, we obtained two different variability measures: the codon variability π~C~ and the amino acid variability π~A~ (see 'Materials and Methods' section). At each SSR locus, we measured an indel-associated variability; averaging over all SSR loci, we obtained the indel variability index, π~I~ (see 'Materials and Methods' section).

Since variability increases on average with genetic distance, the three variability indices (see [Table 1](#gkr1078-T1){ref-type="table"}) are correlated, which is seen in the log-log plots in [](#gkr1078-T1){ref-type="table"}[Figure 1](#gkr1078-F1){ref-type="fig"}. Across species, π~C~ and π~A~ exhibit strong correlation since they are closely-related measures of overall divergence. It is likewise not surprising to see the index π~I~ positively correlates with both π~C~ and π~A~, since the latter two measure the overall divergence time separating the strains within each species: the longer the divergence time, the more indels can be generated. More interestingly, π~I~ is almost exclusively less than π~A~ in all species, implying that indel evolution at typical SSR loci is slower than non-synonymous codon substitution. Two factors explain this result: (i) short SSRs are not particularly mutable yet they constitute the majority of SSRs, (ii) indel mutations are more deleterious than most of the non-synonymous mutations, and fewer survive over time (see 'Discussion' section). We will see in the next section that for *long* SSRs, the variability index of SSR-associated indels do greatly exceed π~A~. Figure 1.Pairwise comparison of variability indices of π~C~, π~A~ and π~I~. Each blue dot represents one species (see [Table 1](#gkr1078-T1){ref-type="table"} for values). Black dashed line indicates equality of indices. Red lines indicate the regression line in the logarithmic scale. Slopes of regression lines on log--log plots: 0.86 for π~C~--π~A~, 0.52 for π~A~--π~I~, and 0.38 for π~C~--π~I~. Table 1.List of species names and abbreviations, and the three variability indices, π~C~, π~A~ and π~I~AbbreviationSpecies nameAb*Acinetobacter baumannii*0.01890.06100.0074Ban*Bacillus anthracis*0.00770.01860.0063Bc*Bacillus cereus*0.07620.20530.0084Bl*Bifidobacterium longum*0.04510.10620.0080Bap*Buchnera aphidicola*0.27340.44460.0277Bcn*Burkhoderia cenocepacia*0.02540.07950.0045Bm*Burkhoderia mallei*0.01170.01430.0049Bp*Burkhoderia pseudomallei*0.02480.03640.0102Cj*Campylobacter jejuni*0.03970.09140.0086CSm*Candidatus Sulcia muelleri*0.17940.26920.0468Ct*Chlamydia trachomatis*0.00820.01550.0033Cpn*Chlamydophia pneumoniae*0.00560.00670.0009Cbo*Clostridium botulinum*0.08320.16150.0073Cbu*Coxiella burnetii*0.01360.01800.0094CP*Cynothece PCC*0.20240.40470.0098Ec*Escherichia coli*0.04030.09510.0119Ft*Francisella tularensis*0.01500.02650.0078Hi*Haemophilus influenzae*0.02540.07960.0126Hp*Helicobacter pylori*0.06400.14420.0169Ll*Lactococcus lactis*0.06860.23020.0084Lp*Legionella pneumophia*0.02780.07970.0036Lm*Listeria monocytogenes*0.02470.11880.0032Mm*Methanococcus maripaludis*0.09060.27860.0057Mt*Mycobacterium tuberculosis*0.00560.00690.0015Nm*Neisseria meningitidis*0.02940.07840.0085Pm*Prochlorococcus marinus*0.17810.35670.0131Pa*Pseudomonas aeruginosa*0.03050.09840.0041Pp*Pseudomonas putida*0.07700.28360.0045Rs*Rhodobacter sphaeroides*0.06210.18060.0069Rp*Rhodopseudomonas palustris*0.17540.36570.0222Se*Salmonella entericia*0.02990.07520.0048Sb*Shewanella baltica*0.01940.08490.0034Sa*Staphylococcus aureus*0.01730.03840.0049Spn*Streptococcus pneumoniae*0.02700.05600.0088Spy*Streptococcus pyogenes*0.02530.05020.0075Ss*Streptococcus suis*0.00510.00690.0019Si*Sulfolobus islandicus*0.02430.04820.0073Vc*Vibrio cholerae*0.00350.01230.0012Xc*Xanthomonas campestris*0.05520.17240.0060Xf*Xylella fastidiosa*0.03310.06890.0129Ype*Yersinia pestis*0.00350.00440.0038Yps*Yersinia pseudotuberculosis*0.00970.02240.0042

SSR-associated indel variability increases dramatically with SSR length
-----------------------------------------------------------------------

To understand the dependence of variability on SSR length, across species and SSR types, we group SSR loci by their sequence types and lengths, and obtain π~I~ (type, length) for each group. In [Figure 2](#gkr1078-F2){ref-type="fig"}A and B, we see that in general π~I~ (type, length) of monomeric, dimeric and trimeric repeats all increase dramatically as the length of SSRs increases. The increasing trend is strongly non-linear, i.e. increasing several nucleotides (from 6 to 10 bp) correlates with order-of-magnitude changes of variability for the loci (note the y-axis is in logarithmic scale). The blue dots (single species values) exhibit large variation at each length bin due to different divergence times within each species. The red dots (average over species) show the general non-linear trend; note that if a length class is not observed in a given species, its value of π~I~, which is zero, cannot be shown on the log scale, but contributes to the average. Figure 2.Dependence of SSR variability on SSR length. (top row) π~I~ for four types of monomeric SSRs of different length groups. (bottom row) π~I~ for monomeric, dimeric, trimeric and tetrameric SSRs of different length groups. Each blue dot represents data from one species, and each red dot is average value of all species within this bin. At each SSR locus, we averaged the length of all of its assigned SSRs (see 'Materials and Methods' section). The *k*-th length bin contains all loci whose average SSR length is between *k* and *k*+1.

The non-linear variability we have shown here, across species and SSR types, demonstrates that the dramatic increase of SSR mutability with length, previously observed in different laboratory measurements of SSR variability at specific loci \[see e.g. ([@gkr1078-B17],[@gkr1078-B33])\], is a very general phenomenon in prokaryotes.

SSRs-associated indel variability depends on SSR type and SSR location
----------------------------------------------------------------------

We tested for differences in π~I~ depending on SSR sequence type and location in the coding region. To measure the variability of different SSR types, we calculated π~I~ conditional on the type, which we denoted by . To allow comparison across species, we accounted for differences in divergence times of strains by calculating the regression value of π~I~ on π~A~, which we call π~I,reg~ ([Figure 1](#gkr1078-F1){ref-type="fig"}B). For each species we normalized by , and plotted for all monomeric and dimeric SSR types in [Figure 3](#gkr1078-F3){ref-type="fig"}A. We observed a general trend across all species such that , \> ,  \> , in full agreement with experimental studies ([@gkr1078-B6],[@gkr1078-B34]) (see 'Discussion' section). Figure 3.Dependence of SSR variability on SSR motif type. (**A**) Each square indicates the value of for each species. Types with fewer than five SSR loci are marked as gray (N.A.= Not Applicable due to insufficient data). (**B**) Cumulative statistics for each SSR type. Each blue dot represents data from one species, and each red dot is the average value of overall species. See [Table 1](#gkr1078-T1){ref-type="table"} for prokaryotic species names. SSR motif type labels are defined in the 5′→3′ direction.

Since both strands of DNA have similar probability to generate indels during slipped-strand mutation, reverse-complementary sequence motifs of SSRs are expected to have similar indel mutation rates. Here, we see in [Figure 3](#gkr1078-F3){ref-type="fig"}B that and have similarly high values, and for and have similarly lower values. Data of from other complementary motifs (marked by red bars in [Figure 3](#gkr1078-F3){ref-type="fig"}) are generally consistent with the symmetric model for slipped-strand mutation.

We also investigated whether indel variation at SSR loci changes as a function of position along the N→C terminal direction. We divided all coding sequences into 10 bins and calculated average π~I~ for each bin. In [Figure 4](#gkr1078-F4){ref-type="fig"}, we see that although the N-to-C-dependence of π~I~ varies among different species, many species exhibit a U-shaped curve, having higher π~I~ in both N and C termini, particularly in α-proteobacteria, ε-proteobacteria, Cyanobacteria, Archaea and most of the Firmicutes. These SSR-associated indels include inframe and non-inframe indels. While some frameshift mutations are rescued by a second downstream indel, we do observe cases in which non-inframe indels result in an alternative stop in the ORF which may allow novel C-termini of proteins to evolve by frameshifts ([@gkr1078-B35]). More importantly, we stress that since π~I~ is a per-locus quantity, hence not affected by the overall density of SSRs at a given position, the higher values of π~I~ at N- and C-termini directly reflect the tolerance of these regions to indels (see 'Discussion' section). Finally, we analyzed the numbers of inframe/non-inframe indels for the 42 species. We found that in most species the overall ratio of inframe : non-inframe indel events is nearly 1 : 1; in the N-terminal bin this ratio is also nearly 1 : 1. Figure 4.Positional dependence of variability indices π~C,~ π~A~ and π~I~ for each species. Position from N→C terminals of genes was divided into 10 equally sized bins (*x*-axes), and variability indices were averaged across genes within each bin. The three variability indices π~C~ (black), π~A~ (light blue) and π~I~ (magenta) are indicated in logarithmic scale on the *y*-axes. Color square labels above each plot indicate the species taxonomic classification. Missing points for the p~I~ curves of Cpn and Ss indicate lack of variable SSR loci due to the high degree of similarity among the sequenced strains.

Inferring evolutionary pressure on SSRs via synonymous codon-shuffled sequences
-------------------------------------------------------------------------------

Previous studies have suggested that since SSRs are indel-mutational hotspots, they are avoided in genomes. This has been observed in different studies using different null models to generate expected SSR frequencies ([@gkr1078-B29],[@gkr1078-B36],[@gkr1078-B37]). Evolution of SSRs in coding sequences is further subject to constraints on the amino acid sequence. Coding sequences still have many degrees of freedom to evolve, e.g. choosing among synonymous codons, and indeed it has been shown that adjacent codon pairs are correlated in a way that reduces homopolymeric nucleotides ([@gkr1078-B38]). Furthermore, sequences are also free to evolve by amino acid replacement mutations that do not disrupt protein stability and function.

To assess the effect of amino acid sequence, GC content and codon usage bias on the presence of SSRs, we used a sequence shuffling methodology that has previously been applied to study sequence evolution in viruses ([@gkr1078-B39]). We constructed two different types of shuffled sequences. In the first model, we scanned each coding sequence and obtained its codon usage statistics within each gene. A gene-specific codon pool was used for random sampling to assemble a *locally shuffled* CDS that encoded the same amino acid sequences with the same codon usage bias as the original CDS. In the second model, we scanned the entire genome, and obtained the global codon usage preferences, which we used to assemble the *globally shuffled* CDS, which encoded the same amino acid sequences using the global codon usage bias in each genome.

By constructing shuffled sequences that preserve the primary protein sequence, and measuring their SSR statistics for multiple trials, we obtained the expected SSR frequency and its variance. The deviation from each null model (global or local shuffling) is measured by the ratio where *R* \> 1 implies enrichment of SSRs and *R* \< 1 implies avoidance of SSRs. Note that the reconstructed sequences we generated above preserve GC content and codon usage bias of coding sequences, thus any significant deviations of *R* \> or \<1 require further evolutionary explanation beyond these well-known effects.

### Dependence on SSR type

We found that the evolutionary pressure on SSRs is both type- and species-specific ([Figure 5](#gkr1078-F5){ref-type="fig"} and [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1)). Some types exhibit a clear signature of SSR avoidance: for example, the *R*-values of polyC and polyG SSRs, denoted as *R*(C) and *R*(G), indicate that these types of SSRs are generally avoided, in comparison with polyA and polyT SSRs ([Figure 5](#gkr1078-F5){ref-type="fig"}B). This trend agrees with the result in [Figure 3](#gkr1078-F3){ref-type="fig"}, which showed that polyG and polyC repeats are generally more mutagenic than polyA or polyT. By comparing all 42 species, we found in general, Avoidance (G,C) \> Avoidance(A,T) ≈ Avoidance (dimeric repeats). This agrees with previous sequence analysis which found that polyC, polyG SSRs are more avoided than polyA, polyT SSRs ([@gkr1078-B29],[@gkr1078-B38]). Yet, we have shown that this trend is not universal since clear counter-examples exist. For example, in *Buchnera aphidicola*, *Candidatus Sulcia muelleri* and two *Yersinia* species, polyC, polyG SSRs are less avoided (or more enriched) than polyA, polyT SSRs. Figure 5.Observed versus expected SSR frequency statistics for different species and motif types. (**A**) Ratio of observed versus expected SSR frequency estimated by local synonymous codon shuffling. Each square represents the value of the ratio for a given SSR type and species. Over- and under-represented types are shown in yellow and blue shades, respectively. (**B**) Cumulative statistics for each SSR type. See [Table 1](#gkr1078-T1){ref-type="table"} for prokaryotic species names.

Another clear example of avoidance is seen in the *R*-values of the reverse-complementary pair AGG/CCT, which are generally lower than unity across species. This is likely due to AGGAGG being the bacterial translation initiation site. However, there are also SSR types that have higher expectation than the null model, e.g. the ACC/GGT and the AGC/GCT reverse-complementary pairs are both significantly enriched. Thus, we find global trends of SSR type avoidance or enrichment, yet we can identify species-specific exceptions to each trend.

### Dependence on N→C position

The density of SSRs is shown as a function of N→C position for each prokaryotic species in [Figure 6](#gkr1078-F6){ref-type="fig"}. Surprisingly, among 42 genomes, 11 of them have unambiguously higher SSR density observed (blue) compared with the expected SSR density (red and green; error bars indicate standard error over shufflings), while 18 genomes exhibit clear avoidance of SSRs. Some of the enrichment/avoidance correlates with taxonomy. Among four β-proteobacteria species, all enrich for SSRs in general, while among the nine Firmicute species, all avoid SSRs in general (see also [Figure 5](#gkr1078-F5){ref-type="fig"}A totals). Interestingly, there are closely related species exhibiting completely opposite trends of enriching/avoiding SSRs, for example *Escherichia coli* (Ec) avoids while *Salmonella enterica* (Se) enriches for SSRs. Figure 6.Positional dependence of SSR density. For each plot, the *x*-axis represents binned positions from N→C termini (as in [Figure 4](#gkr1078-F4){ref-type="fig"}), and the *y*-axis indicates the SSR density (\# SSRs/kb). Blue curves: original SSR density. Green curves: SSR density in global synonymous codon shufflings. Red curves: SSR density in local synonymous codon shufflings. Error bars represent the standard error of the estimated SSR density observed in the shuffled sequences.

The shapes of the SSR density curves for the original and shuffled data yield several insights. In 41 out of 42 cases examined, the shuffled SSR density is U-shaped, and nearly symmetric in many of the species, i.e. the density of SSRs is significantly higher at the N- and C-termini than in the middle of the sequence, and also similar in magnitude at the N- and C-terminals. This behavior is expected based on purely biophysical considerations of protein structure (see 'Discussion' section below). In marked contrast, the original SSR density ([Figure 6](#gkr1078-F6){ref-type="fig"}, blue curves), is often significantly asymmetric, and in many cases exhibits a relative enrichment of SSRs at the N-terminal versus the C-terminal (see [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1) for further analysis). Several species exhibit pronounced N-biased asymmetry, the most significant of which are *Neisseria meningitidis*, *Yersinia pestis*, *Francisella tularensis*, *Shewanella baltica*, *Helicobacter pylori* and *Streptococcus suis* (see [Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1) for others). Many species exhibit no asymmetry, while several examples of reversed asymmetry are observed, in which the C-termini rather than N-termini are enriched in repeats (see *Burkhoderia*).

Effect of SSR cutoff length on SSR density statistics
-----------------------------------------------------

Due to the much lower frequency of longer SSRs in genomes ([@gkr1078-B30]), the statistics of SSRs are dominated by shorter SSRs. For this reason, the patterns of avoidance and enrichment of SSRs may reflect pressures on shorter SSRs, and it is necessary to test whether the trends we observed depend strongly on the cutoffs used to define SSRs. However, changing these cutoffs severely reduces the available data, since small changes in cutoffs can yield order-of-magnitude changes in overall SSR numbers. We tested more stringent SSR cutoffs, which eliminated 90% of the shorter SSRs, yet maintained sufficient SSR numbers to allow meaningful analyses. Cutoffs and results are reported in [Supplementary Materials](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1), [Supplementary Figures S3](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1) and [S4](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1). Our reanalysis confirms that longer SSRs are avoided more strongly than shorter SSRs, yet a number of species still exhibit overall enrichment of repeats. The type-specific trends we reported above are largely robust to changes of the cutoffs. Likewise, the N → C distributions and in particular the N-terminal enrichment of repeats in certain species are robust features of SSRs that are largely insensitive to the choice of SSR cutoffs ([Supplementary Figures S3](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1) and [S4](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1)).

DISCUSSION
==========

SSRs are known to be highly-mutable sequence motifs from both epidemic and laboratory studies. Certain bacterial contingency genes are enriched for SSRs, enabling stochastic switching between different alleles reversibly and at high frequency. In this paper, we analyzed 42 prokaryotic species across various taxa, focusing on SSR-associated indel variability and density distribution in coding regions. We discuss the global picture of SSR evolution that emerges from the data.

SSR length variation is due to two mutational processes: (i) point mutations in the SSR motif that do not alter the open reading frame and (ii) slipped-strand mutations that create indels at SSR loci, which may cause frameshifts. We found that the point mutation rate (per base pair) at SSR loci had no dependence on SSR length (data not shown), and could be regarded as background sequence evolution that sporadically creates, destroys, or modifies SSRs. In contrast, the slipped-strand mutational process is a more specific feature of SSRs and its reversible nature provides intriguing evolutionary possibilities. First, frameshift mutations caused by SSRs can affect large parts of the protein sequence, while point mutations only affect single codons. Second, the rate of slipped-strand mutation at SSRs dramatically increases with the length, a feature that is observed in pathogens' phase-variable genes.

SSR variability and SSR density measures
----------------------------------------

We use two complementary measures to study SSR evolution: the *SSR variability*, which assesses sequence dynamics at SSR loci, and the *SSR density*---the observed number and distribution of SSRs in coding regions---which results from the evolutionary processes that govern the creation, destruction, and maintenance of SSRs.

To measure variation in coding regions, we used three quantities that are analogous to standard measures in population genetics, which describe (i) nucleotide variability of codons (π~C~), (ii) amino acid variability of codons (π~A~) and (iii) SSR-associated indel variability (π~I~). These three indices measure the composite effects of mutation, drift, and selection processes. Higher variability at a locus could be due to higher mutation rate, lower selective pressure, or a combination of effects. However, by pooling data over many loci and studying the global dependence of variability as a function of other factors (such as SSR location or SSR length), we are able to make general inferences about the importance of different evolutionary forces.

To study SSR density distributions, we used synonymous codon shufflings. By either globally shuffling synonymous codons ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1)), or doing so locally within each gene ([Figure 5](#gkr1078-F5){ref-type="fig"}), we maintained protein primary sequences while providing null models to detect enrichment/avoidance of repeats. We found the observed:expected ratio of SSR densities is globally higher in 11 species (all belonging to α- β- γ- and ε- proteobacteria) and globally lower in 18 species (including all 9 Firmicute species analyzed). This reveals strong taxon-dependence for SSR enrichment/avoidance. In most cases, we find that the local and global synonymous shufflings yield very similar results, indicating that the difference between genome-wide codon usage and within-gene codon usage is not a critical factor in SSR evolution (though it may alter the ability to detect certain SSR types, discussed below).

Dependence of variability and density on type and length
--------------------------------------------------------

We observed a dramatic length-dependence of SSR variability ([Figure 2](#gkr1078-F2){ref-type="fig"}), which was qualitatively consistent with previous experimental studies showing that SSR mutability increases nonlinearly with length ([@gkr1078-B7],[@gkr1078-B17]). Quantitatively, our cross-species genome-wide data enabled us to compare the indel-mutability of SSRs of different sequence types (e.g. poly A/T versus poly C/G).

To see this, we compare the average variability among monomeric SSRs ([Figure 2](#gkr1078-F2){ref-type="fig"}A, red dots) in the 9 bp length-bins for different SSR types. The average variabilities are 0.048 (polyA), 0.026 (polyT), 0.15 (polyC) and 0.21 (polyG). Clearly, polyC/G is an order of magnitude higher than poly A/T SSRs. Similarly, in [Figure 2](#gkr1078-F2){ref-type="fig"}B, the average variability in 9 bp length-bins are 0.08 (all monomeric SSRs), 0.006 (all dimeric SSRs) and 0.008 (all trimeric SSRs). While we can compare *variability* between different classes of SSRs, we cannot directly measure relative *mutability* since selective pressures may differ between repeat classes. However, it is reasonable to assume that for dimeric and trimeric SSRs, the probability that an indel causes a frameshift is no greater than for monomeric SSRs; their mutational load is likely less than or equal to monomeric SSRs. Thus, among SSR motifs with similar lengths, the most mutagenic are monomeric repeats with the C/G type.

SSR frequency statistics ([Figure 5](#gkr1078-F5){ref-type="fig"}B) show that polyC/G SSRs are generally more avoided (represented by light blue) while polyA/T and other dimeric SSRs have a nearer to average frequency (represented by black). The avoidance of monomeric repeat types thus reflects their mutability. We note that an additional factor that may contribute to the relative instability of C/G-containing SSRs is the known point-mutational bias toward AT that has been observed across taxa ([@gkr1078-B40]). Additionally, monomeric SSRs are across species more avoided than dimeric and trimeric SSRs (see [Figure 5](#gkr1078-F5){ref-type="fig"}B, right panel), which is consistent with our inference that monomeric SSRs are the most mutagenic.

Several pathogenic bacteria are known to favor specific types of SSRs in their phase variable loci. Two of the best-studied examples are *H. influenzae* and *N. meningitidis*, both of which are known to use many tetrameric SSRs. In [Figure 5](#gkr1078-F5){ref-type="fig"}, we see a clear signal of tetrameric SSR enrichment in *N. meningitidis*; this figure uses the local shuffling as its null model. In *H. influenzae*, our analysis detects the enrichment of tetrameric SSRs using the global shuffling (see [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1)). Comparison of [Figure 5](#gkr1078-F5){ref-type="fig"} and [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1), as well as comparison of the red and green curves in [Figure 6](#gkr1078-F6){ref-type="fig"}, shows that in most cases there is little difference between the two types of shufflings.

Biophysical and evolutionary constraints on indel variability
-------------------------------------------------------------

We observed that N-terminal and C-terminal SSR loci have higher per-locus variability of π~I~ ([Figure 4](#gkr1078-F4){ref-type="fig"}, magenta curves) across taxa: species in Enterobacteria, Cynobacteria, and Archaea all exhibit this trend. Higher SSR variability at the termini suggests that the selective pressure against indels is weaker at protein termini. In contrast, the π~A~ curves ([Figure 4](#gkr1078-F4){ref-type="fig"}, light blue), which represent the overall amino acid conservation of coding regions, exhibit only very mild differences between termini and the middle of proteins. We asked whether the different behaviors of π~A~ and π~I~ could be attributed to purely biophysical effects.

To explain the π~A~ curves, we observe that the protein stability cost of a substitution depends strongly on the 3D interactions at the given position with the contacting residues and the solvent. Amino acid conservation at different positions in protein structures is almost entirely accounted for by the overall burial of the residue within the molecular structure ([@gkr1078-B41]). Position along the protein sequence, however, is a poor predictor of solvent exposure, with the exception of the protein termini which are typically not buried within the hydrophobic core ([@gkr1078-B42]). When we average over proteins, we thus expect very little difference in conservation as a function of position, with possible slight differences at the protein ends. This is precisely what is seen in the π~A~ curves in [Figure 4](#gkr1078-F4){ref-type="fig"}.

The π~I~ curves include both inframe and non-inframe SSR-associated indels. The two types of indels occur at approximately a 1:1 ratio in most species. For inframe indels, although they do not cause a frameshift in the protein sequence, they can significantly disrupt protein structure ([@gkr1078-B43],[@gkr1078-B44]). This is particularly pronounced within protein secondary structures, where an indel is expected to be on average more destabilizing than within loops or disordered regions. Measurement of stability changes in engineered mutants confirm this prediction ([@gkr1078-B45]), and extensive bioinformatic analyses of protein structures show that indels within secondary structure motifs are strongly suppressed relative to other parts of proteins ([@gkr1078-B46; @gkr1078-B47; @gkr1078-B48]). Because protein termini are typically less ordered than others part of the protein ([@gkr1078-B49],[@gkr1078-B50]), we expect them to be significantly more tolerant of indels than the rest of the protein. This is precisely what is seen in the π~I~ curves.

For frame-shifting indels, protein biophysical constraints are not relevant. However, frameshift mutations are generally deleterious, except in the following cases: (i) in fluctuating environments, stochastic switching may facilitate population adaptation, and N-terminal frameshifts are a simple mechanism to achieve such phase variation; (ii) C-terminal frameshifts are under reduced evolutionary pressure since most of the coding region is unaffected. Therefore, in these special cases, π~I~ curves could also be elevated at both termini, which is again consistent with what we observed in [Figure 4](#gkr1078-F4){ref-type="fig"}.

Evolutionary pressures shaping the SSR density
----------------------------------------------

### Determinants of the primary sequence signal

As seen above, the N→C dependence of indel variability ([Figure 4](#gkr1078-F4){ref-type="fig"}) could be explained by known biophysical constraints of protein structure. How do these influence the SSR density in coding regions? To analyze SSR density, we constructed randomly-shuffled sequences that preserved the primary amino acid sequence ([Figure 6](#gkr1078-F6){ref-type="fig"}). Below, we will refer to the SSR density curves of the shuffled sequences as the *primary sequence signal*, and of the original sequences as the *original signal*.

We found that the primary sequence signal is typically a U-shaped curve ([Figure 6](#gkr1078-F6){ref-type="fig"}, red and green curves). The primary sequence signal reflects how permissive the local amino acid sequence is of synonymous codon arrangements that include SSRs. Two evolutionary mechanisms stand out as plausible explanations of this U-shape: Constraints on SSR expansion: Since protein structural constraints allow a larger fraction of indels at the termini, SSR expansions will occurs more frequently there than in the middle of proteins ([@gkr1078-B51]). Because expansions at SSRs typically duplicate the SSR repeat unit, they tend to introduce duplicates of the same codon. This causes the amino acid sequence to allow more SSR-containing codon arrangements at the termini, leading to a U-shaped primary sequence signal.Selection on indel mutational load: To reduce the deleterious mutational cost of indels in protein coding regions, selection could reduce the density of SSRs. The reduction would be greater in regions where indels are most costly, namely in the middle of proteins, and lesser in the protein termini. The mechanism is indirect because selection acts on indels rather than on SSRs directly. While a combination of these two mechanisms could be responsible for shaping the primary sequence signal, constraints on SSR expansion relies solely on drift, and is thus somewhat more general than selection on mutational load, which relies on indirect selection. The possibility remains that some other feature at protein termini is promoted by repeats, and is under direct selection.

In addition to its U-shape, the primary sequence signal was nearly symmetric in many species ([Figure 6](#gkr1078-F6){ref-type="fig"} and [Supplementary Figure 2](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1)); see e.g. *B. mallei* (Bm) and *X. campestris* (Xc). Slightly asymmetric curves were also often observed with an N-terminal bias (i.e. the curve is slightly higher at the N-terminal than at the C-terminal); see e.g. *L. pneumophila* (Lp), *Streptococcal* species (Spy, Spn and Ss) and *V. cholera* (Vc). We also observed six species for which the asymmetry had a C-terminal bias (Rs, Si, Bcn, Bap, Xf and Mm). These asymmetries in the primary sequence signal may be explained by differences in the secondary structure content and overall compactness of the N- and C-termini of proteins. Recent bioinformatics analyses using a large collection of non-redundant protein structures showed that protein C-termini are more likely to be helical ([@gkr1078-B52],[@gkr1078-B53]) and are also more compact than N-termini ([@gkr1078-B53]). This is consistent with our finding that the majority of species' primary sequence signals have an N-terminal bias. We note, however, that the complement of protein structures used by each species differs from that of non-redundant protein structure libraries, and could account for the different biases observed.

### Uniform deviations between original and primary sequence signals

While protein biophysical constraints largely explain the U-shaped primary sequence signal, the original signal (blue curves in [Figure 6](#gkr1078-F6){ref-type="fig"}) often deviates significantly from it. The most common deviations are uniform SSR enrichment or avoidance, i.e. where a uniform shift of the primary sequence signal up or down would superimpose with the original SSR density. Approximately one-fourth of species uniformly enrich and half of species uniformly avoid SSRs relative to the primary sequence signal.

Selection to reduce indel mutational load, discussed above, is a possible explanation of SSR avoidance. Selection to increase indel mutational load seems a less plausible explanation for species exhibiting uniform enrichment for SSRs. In this regard, we argue that uniform deviations (in either direction) can also be explained based on mutational drift. Since expansions at SSRs typically duplicate the SSR repeat unit, they tend to introduce duplicates of the same codon, leading to a positive difference between the original and primary sequence signals. The magnitude of the difference depends on the relative rate of SSR expansion to the point mutation rate. It has been suggested that SSRs may also have elevated point mutation rates ([@gkr1078-B54],[@gkr1078-B55]). In that case, the synonymous codon arrangements that contain SSRs will be less point-mutationally stable than the arrangements that do not. In this regime, SSRs are 'self-destructing', with the result that the original SSR density would be lower than the primary sequence signal. Under the mutational drift explanation, the sign and magnitude of uniform deviations would be determined by the rates of point mutations at SSR and non-SSR loci, as well as the rates of SSR expansion and contractions.

### Non-uniform deviations in the observed SSR signal

Interestingly, a notable fraction (approximately one-fourth) of species have SSR density curves that differ markedly in shape from their primary sequence signal. The *Burkholderia* species exhibit relatively flat SSR density with slight enrichment at the C terminal. Several particularly interesting cases involve species that have a nearly symmetric protein signal, but exhibit a large N-terminal bias in their observed SSR density curves. The most pronounced examples of this phenomenon are *N. meningitidis*, *Y*. *pestis*, *F. tularensis*, *S. baltica*, *H. pylori* and *S. suis* ([Figure 6](#gkr1078-F6){ref-type="fig"} and [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr1078/DC1)).

The shifting of the observed signal toward one or the other of the termini is not easily reconciled with purely biophysical explanations. However, this shifting is likely to affect the mutational load of SSRs. By increasing the relative abundance of SSRs in the N-terminal versus the C-terminal, genomes increase the probability that indels cause (reversible) molecular null mutations. The N-biased SSR density curves are often indicative of pathogenic species, which lends further support to the hypothesis that this bias is due to phase variable genes, such as contingency loci in bacteria. These have often been studied for dramatic examples of SSR-mediated stochastic switches, involving very long SSRs, e.g. in *H. influenza* and *N. meningitidis*, which contain proteins with long tetrameric repeats of lengths in the range 40--100 bp or longer ([@gkr1078-B12]). Since the majority of SSRs in our analysis are significantly shorter (in the range 6--15 bp), our results suggest that stochastic switching may occur in more genes than previously suspected (albeit at much lower rates than in the best-studied phase variable genes). Our results are consistent with a previous study that found N-biased enrichment of monomeric repeats in data pooled across 81 bacterial genomes, and suggested the role of phase variation in establishing this bias ([@gkr1078-B28]). In a few cases (e.g. the *Bukhenera* and Archaeal species) we also observed the opposite trend: asymmetry that enriches SSRs in the C terminal. This would shift the spectrum of mutational effects away from frameshift nulls, and potentially toward extension of coding regions, which can provide novel sequences for adaptation ([@gkr1078-B35]).

### G/C content and additional structural constraints

Two additional factors could influence repeat distributions: G/C content and DNA and RNA structural constraints. Repetitive DNA promotes formation of small DNA stem loops whose stability depends on intracellular solvent properties, which may vary between bacterial species and across ecological environments. Hence tuning the overall density of repeats in genomes may be useful for DNA structural reasons. Two observations are at odds with this possibility: (i) bacteria from markedly different niches, e.g. *S. enterica* (intestinal) and *Cyanothece PCC* (marine), can have SSR density curves that are very similar in both shape and magnitude; and (ii) ∼25% of species have nearly overlapping original and primary sequence signals while the overall density of repeats varies significantly among these species. Another possibility involves the G/C content of genomes, which is known to vary greatly between species. For example, the β-proteobacteria, which consistently enrich for SSRs, are among the most G/C rich species, while the Firmicutes, which consistently avoid SSRs, are among the most G/C poor. While this correlation is evident, the γ-proteobacteria that exhibit no consistent trends of SSR enrichment or avoidance, provide counter-examples of high G/C and SSR avoidance (low R), or low G/C and SSR enrichment (high R). G/C content exhibited no meaningful dependence on R (data not shown). G/C content may correlate with certain mutational behaviors, which might be relevant to the observed trends, but alone it does not provide a mechanistic explanation of the data. Finally, RNA structural constraints remain unexplored as far as their influence on the evolution of SSR density in genomes.

CONCLUSION
==========

By analyzing SSR density and variability in prokaryotic coding regions, our study shows that evolutionary processes tune both the genomic distribution of SSR types and their positional distribution within genes. Across species and genomes, we measured the variability of repeats and observed strong dependence on their types, lengths and positions. We showed that the U-shape of SSR distributions is largely explained by biophysical constraints on protein structures. However, we identified several species, including certain pathogens that exhibit N-terminal bias beyond expectation in the SSR distributions. Such species may evolutionarily alter the distribution of repeats to facilitate phase variation. Genome-wide measurements of phase variation in the identified species may therefore be particularly fruitful in uncovering new pathways relevant to bacterial pathogenesis.
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